We have developed an interactive visualisation tool, decay series visualisation (DECSERVIS), for exploring the three natural radioactive decay chains. Through DECSERVIS, one can investigate the full decay scheme of any natural decay chain radionuclide to obtain the number of nuclides, their masses, activities, and activity ratios, accounting for all the daughters, starting from initial conditions freely chosen by the user. The tool has been developed particularly for user friendly and flexible operation. Chain decay in closed systems can be explored as a function of time with various graphical presentations such as solid curve and column diagrams or animation. We present several exploration examples related to geological dating. DECSERVIS will be freely available on request.
Introduction
Exploration of natural decay series nuclide activities and their activity ratios with appropriate mathematical tools provides a powerful technique to investigate dating of geological processes [1] . In this paper, we present a decay series exploration tool, DECSERVIS, that has been developed specifically for visualising complicated decay series evolutions where both a parent and its freely chosen daughters are initially present. Concerning geological dating, DECSERVIS provides a unique exploration tool; for instance, decay series evolutions of 238 U with its daughters 234 U, 230 Th and 226 Ra (or more) as initial conditions can be explored. Similarly, the 235 U and 232 Th decay chains can be explored, starting with any nuclide or a set of nuclides. This option makes DECSERVIS unique compared to * E-mail: juhani.suksi@helsinki.fi other similar tools [2] . DECSERVIS generates and visualises a full decay scheme of any natural decay chain nuclide or for a freely chosen set of nuclides which can be plotted as solid curve and column diagrams or presented using animation. Decay series evolution can be followed as "snapshot" graphs taken at any time interval. The graphs can be used as images in MS-softwares. DECSERVIS can be run independently in MS Windows. DECSERVIS has been developed particularly to take into account educational and exploration needs.
Mathematical background of DECSERVIS

Radioactive decay chains
The radioactive decay law is (1) where N 0 is the initial number of the radioactive nuclei at t = 0 and N the remaining nuclei after time t.
Equation (1) quantifies the number of parent nuclei at a specific time. We can state this equation in terms of activity as
In radioactive decay series, the parent radioactive nuclide N 1 decays to its daughter N 2 that also produce granddaughter N 3 , the sequences continuing until stable N n [3] :
The decay system described above can be presented as a system of simple first-order differential equation as follows
In the case of a single radionuclide and using the initial conditions: at t = 0, N 1 = N 0 1 , the solution of equation (3) is:
In the case of radioactive parent and daughter, equation (3) becomes:
where N 1 and N 2 are the numbers of parent and daughter nuclides at time t.
The solution for equation (5) with initial conditions t = 0,
Equation (6) can be generalized to chain decay of arbitrary length using the Bateman equation [4] if we assume t = 0, none of the daughter nuclei are present N (3) is
Where the coefficients C 1 , C 2 . . . C n−1 , C n, are dimensionless functions of the decay constants and have the following systematic values.
Numerical solution
In our model, the set of decay system equations (3) has been rearranged for the 238 U decay chain as follows
where subscripts 1, 2,. . . , 14, 15 refer to the radioactive decay chain members 238 U, 234 Th,. . . , 210 Po, 206 Pb. The decay system equation (3) for the 235 U decay chain obtains the following form
where subscripts 1, 2,. . . , 11, 12 refer to the radioactive decay chain members 235 U, 231 Th,. . . , 207 Ti, 207 Pb, and for the 232 Th decay chain
where subscripts 1, 2,. . . , 10, 11 refer to the radioactive decay chain members 232 Th, 228 Ra,. . . , 212 Po, 208 Pb.
Equations (9), (10) and (11) represent the main anatomical equations of our model in MATLAB Graphical User Interfaces. These equations have been solved numerically using ode15s (ordinary differential equation solver) [5] [6] [7] [8] , which has been found efficient enough for a mathematically stiff systems.
In Figure 1 , we present an analytical solution for the 238 U decay chain using equations (7) and (8) and compare it to the numerical solution derived from equation (9) using MATLAB 7.04 software.
3 Modelling structure and operation
Model interface and basic applications
In the following, we demonstrate the structure and operation of DECSERVIS. The model interface with input and output options/data and examples of graphical solutions are presented in Fig. 2 . Nuclide input boxes represent menus for decay chains, nuclides and initial values (sample mass, number of nuclides and activity). Plotting input consists of boxes for start and end times, plot type, and buttons for calculation and plotting. The input-output table shows whole decay chain with nuclides and half-lives [9] with input values chosen. Lower part of the table displays calculation output. For running DECSERVIS, the user first selects decay chain ( 238 U decay chain in Fig. 2) when respective nuclides and half-lives will appear in the upper part of the table. Then the user selects nuclide(s) and inserts either mass (g), number of nuclei, or activity (Bq) when respective values appear in other boxes and can be seen in the table. Next, start and end times are inserted and input is ready for calculation (button). The output of calculation will appear in the lower part of the table. Then, graphical output is selected from plot type menu and plotting can be executed (plot button).
In the following, we present basic features of DECSERVIS. Examples from the three natural decay chains are given. 
Fig. 2 Structure of DECSERVIS operation interface (left). Interface consists of input and output options (see text)
. Output can be seen as numerical (lower table) and graphical forms. An operation example for 238 U decay chain is given: nuclide is 238 U, its activity 100 Bq and decay time (time to go) is equal to the half-life of 238 U. 
Specific features of DECSERVIS
An important feature of our model is that operations can be executed using initial values for more than one nuclide (sample mass, number of nuclei, activity). In the following example, we demonstrate the evolution of the 238 U decay chain over one million years when initial values for 238 U and 234 U are 100 Bq and 150 Bq, respectively (Fig 5) . This example has been taken to visualize decay series evolution with nuclide ratios in a U accumulation formed in geological samples in closed system. Similarly, freely chosen initial conditions can be used to visualise decay series within other decay chains. In Fig. 6 , we explore the evolution of the 232 Th decay chain using initial conditions for both parent ( 232 Th) and daughter ( 228 Th) isotopes. Initial activities are 50 Bq and 100 Bq, respectively. Decay time is 100 y.
Case studies
In order to obtain good view of the capability of DECSERVIS, we present other examples from nature. In the first example, we explore the evolution of the 238 U decay chain. Initial conditions have been chosen for parent 238 U and its daughters 234 U, 230 Th, 226 Ra and 210 Pb (Fig. 7) . The example shows chain decay from 4 days to 100 years and also demonstrates the evolution of short-lived nuclides in case of fallout Next, we demonstrate how the same system evolves from 10,000 years to 10 million years (Fig. 8) .
Fig. 8 Continuation of the
238 U decay chain evolution shown in Figure 7 when the decay time is extended from 10 4 y to 10 7 y. This example demonstrates geological dating where 234 U/ 238 U and 230 Th/ 234 U activity ratio methods are applied. Evolution of short-lived nuclide activity ratios is also presented.
Fig. 8 (continued)
Continuation of the 238 U decay chain evolution shown in Figure   7 when the decay time is extended from 10 4 y to 10 7 y. This example demonstrates geological dating where 234 U/ 238 U and 230 Th/ 234 U activity ratio methods are applied.
Evolution of short-lived nuclide activity ratios is also presented.
In our last example, we demonstrate how the 232 Th decay chain is evolving (from 30 days to 100 years) when the parent 232 Th and its short-lived daughters 228 Th, 228 Ra and 224 Ra isotopes are initially present (Fig. 9) . 
Conclusions
We have developed a decay series visualisation tool DECSERVIS which can be used for exploring and visualising the three natural decay chains. We tested both analytical and numerical methods in generating whole decay chains and both methods gave identical solutions. The testing showed that the stable end members (lead isotopes) are difficult to generate using analytical method and therefore we choose numerical method because it is easy and flexible to use and gives accurate results. DECSERVIS was developed particularly to take into account educational and exploration needs. With DECSERVIS, one can easily explore and visualise decay series evolutions which can not be done with other similar tools published. DECSERVIS can be run independently in MS Windows and it will be freely available on request. In the next phase, DECSERVIS will be developed to accommodate decay series evolution in open systems, to simulate decay series evolution when additional, i.e. geochemical controlling parameters are applied.
